Broad aspects of Caenorhabditis elegans life history, including larval developmental timing, arrest at the dauer diapause, and longevity, are regulated by the nuclear receptor DAF-12. Endogenous DAF-12 ligands are 3-keto bile acid-like steroids, called dafachronic acids, which rescue larval defects of hormone-deficient mutants, such as daf-9/cytochrome P450 and daf-36/Rieske oxygenase, and activate DAF-12. Here we examined the effect of dafachronic acid on pathways controlling lifespan. Dafachronic acid supplementation shortened the lifespan of long-lived daf-9 mutants and abolished their stress resistance, indicating that the ligand is ''proaging'' in response to signals from the dauer pathways. However, the ligand extended the lifespan of germ-line ablated daf-9 and daf-36 mutants, showing that it is ''antiaging'' in the germ-line longevity pathway. Thus, dafachronic acid regulates C. elegans lifespan according to signaling state. These studies provide key evidence that bile acid-like steroids modulate aging in animals.
ndocrine systems coordinate many facets of animal metabolism, reproduction, and homeostasis, ensuring the proper response to changes in physiology or environment. More recently, hormones have also been shown to govern metazoan aging. Notably, a mild reduction of insulin/IGF1 signaling increases stress resistance and longevity in diverse species across taxa (1) . These studies also imply that other hormones impact lifespan. Nuclear hormone receptors are transcription factors that respond to lipophilic hormones such as steroids, fatty acids, and retinoids to regulate gene expression, and are well poised to coordinate global life history traits. Indeed, genetic studies in worms and flies have implicated such molecules in lifespan regulation, but how they do so is not well understood (2) (3) (4) (5) (6) (7) . DAF-12 is one such nuclear receptor in Caenorhabditis elegans. Homologous to vertebrate vitamin D and LXR receptors (8) , DAF-12 controls the choice between reproductive growth and arrest at a long-lived, alternate third larval stage, the dauer diapause, formed under harsh environmental conditions (9) . It also specifies third larval temporal fates in the heterochronic pathway (10) , a circuit that regulates developmental timing. Finally, DAF-12 and related components modulate organismal lifespan in at least two contexts (2-6): (i) in response to inputs for dauer diapause and (ii) in response to signals from the germ line. Recently, the endogenous ligands of DAF-12 have been discovered to be 3-keto bile acid-like steroids, called ⌬ 4 -and ⌬ 7 -dafachronic acids (11) and related metabolites (12) , enabling a direct test of whether these ligands modulate nematode longevity and stress resistance. Here, we specifically examined ⌬ 4 -dafachronic acid.
Results
In the dauer pathways, environmental cues (temperature, dauer pheromone, food, and cholesterol) are integrated by insulin/ IGF1 and TGF-␤ signaling, which then converge on daf-9/ cytochrome P450 (CYP450) to regulate hormone production. daf-9/CYP450 is the functional ortholog of the bile acidproducing cytochrome P450 CYP27 of mammals, catalyzing oxidation of the sterol side chain to the 26 acid (11) . daf-9-null mutants uncouple upstream inputs from hormone production, resulting in the absence of DAF-12 ligands under all circumstances. Such mutants constitutively arrest as partially remodeled dauer-like larvae, a proportion of which recover to adults that are sterile and modestly long-lived, with mean lifespan extension ranging from 19% to 41% at 15°C (Table 1 ) (5, 6) . By contrast, daf-9 hypomorphs, in which daf-12 is presumably partially liganded, have normal or even shortened lifespans. Because daf-12-null mutants suppress daf-9 longevity, it is hypothesized that a hormone-regulated switch governs C. elegans lifespan: Long life stems from the activity of the unliganded receptor, whereas normal lifespan arises from the liganded receptor (5, 6) (Fig. 1A) . To test this hypothesis, we fed daf-9 mutants the DAF-12 ligand, ⌬ 4 -dafachronic acid, and measured the resultant lifespans of hormone-supplemented animals. A concentration of 250 nM was chosen because this level is sufficient to give robust rescue of larval phenotypes, and also approximates the endogenous concentration of 200 nM estimated in ref. 11 .
Whereas daf-9(dh6)-null mutants lived significantly longer than wild type (P Ͻ 0.00001) when exposed to the ethanol vehicle alone (mean ϭ 33 Ϯ 3, maximum ϭ 57 Ϯ 4), mutants supplemented with 250 nM ⌬ 4 -dafachronic acid during larval development and adulthood lived lifespans comparable to N2 wild type (P ϭ 0.083) (mean ϭ 27 Ϯ 1, maximum ϭ 41 Ϯ 2) ( Table  1 and Fig. 2A) . Likewise, the strong loss-of-function daf-9 mutant, e1406, gave comparable results (Table 1 and Fig. 2 B and C) even when derived from a variety of genetic backgrounds (Table 1 ). This restoration of normal lifespan to daf-9 mutants was unlikely to be due to compound toxicity, because treated animals developed rapidly, readily bypassed dauer arrest and became normal-looking, gravid adults that were indistinguishable from wild type (11) . Moreover, wild-type N2 animals and other genotypes treated with the DAF-12 ligand had lifespans with normal variability, on occasion somewhat shorter or longer, making life-shortening toxicity unlikely (Fig. 2 , Table 1 , and supporting information (SI) Table 2 ]. As expected, daf-12(rh61rh411)-null mutants had similar lifespans independent of the presence or absence of hormone (Fig. 3F , Table 1, and SI  Table 2 ), suggesting that the hormone works through daf-12.
We then asked, when is hormone required to regulate longevity? To do this, we fed hormone to daf-9 mutants during larval development and then shifted them to media lacking hormone during adulthood. Similar to wild type, daf-9 animals exposed to hormone during larval development bypassed the dauer diapause, and lived shorter than daf-9 without hormone (Fig. 2C) . In some experiments, the mean lifespan was somewhat higher, but the maximum was usually the same as wild type The ligand (⌬ 4 ) was added during larval development and adulthood. -indicates that only vehicle (100% EtOH) was added. ⌬ 4 (d) indicates that ligand was added during larval development only. daf-9 cDNA was tissue-specific expressed in XXX cells (XXX) or in the hypodermis (hyp). SDs were calculated from the average of the mean or maximum of individual experiments. P values were determined by using the log rank test (Mantel-Cox) on the pooled data of all experiments performed within a set. dh6 was derived from daf-9(dh6) dhEx24. *Compared to N2 worms without ligand (-). ‡ Compared to N2 worms exposed to the ⌬ 4 ligand during larval development and adulthood (⌬ 4 ). † Compared to N2 worms exposed to the ⌬ 4 ligand during larval development only [⌬ 4 (d)]. § Compared to the same strain without ligand (-). ¶ Compared to N2 worms without daf-9(ϩ) expression constructs. ʈ Compared to N2 worms expressing daf-9(ϩ) in the same tissue. **Compared to the same strain without daf-9(ϩ) expression constructs.
† † Compared to glp-1 worms without ligand (-). ‡ ‡ Compared to glp-1 worms exposed to the ⌬ 4 ligand (⌬ 4 ). § § e1406 was derived from daf-9(e1406) dhEx203. ¶ ¶ e1406 was derived from daf-9(e1406)/lon-2(e678).
( Table 1) . Consistent with this result, we found that larval expression of daf-9(ϩ) under control of the wrt-1 promoter in the hypodermis, an endogenous daf-9 endocrine tissue, restored a nearly normal lifespan to daf-9 mutants ( Fig. 2D and Table 1 ). These animals resembled animals exposed their entire lives to daf-9(ϩ) expressed in the XXX neuroendocrine cells ( Fig. 2E and Table 1 ), another daf-9-expressing tissue (5, 6, 13). Taken together, these results suggest that larval exposure to hormone can impact adult longevity. During larval development, daf-9 and daf-12 integrate signals from the insulin/IGF1 pathway to mediate dauer formation (5, 6, 14, 15) . Consistent with a downstream role, daf-9 overexpression or hormone supplementation of daf-2/insulin/IGF1 receptor mutants readily prevents constitutive dauer formation of weak daf-2 alleles (e.g., e1368) (11, 14, 15) . Such daf-2 alleles also induce longevity in adult animals, doubling the lifespan by activating daf-16/FOXO. Moreover, daf-2 and daf-16 regulate lifespan by downstream cell nonautonomous signals (16) (17) (18) . Given the downstream role of DAF-12 ligands for dauer diapause, we asked whether similar relationships would hold for adult lifespan regulation. On the contrary, we found that hormone supplementation could not suppress daf-2 longevity (Fig.  2 F and G and Table 1 ). In fact, added ligand appeared to enhance daf-2(e1368) longevity, suggesting that hormone may maximize daf-16/FOXO-dependent life extension in some contexts. Thus, dafachronic acid can bypass daf-16/FOXO for dauer formation but not for longevity, and in this context, daf-2/daf-16 regulate lifespan somewhat autonomously from hormone signaling.
Increased longevity often correlates with resistance to heat and oxidative stress (19, 20) . To test this correlation, we examined the survival of daf-9 mutants exposed to such stress in the presence or absence of hormone. Consistent with increased somatic endurance, we found that daf-9 adults exhibited significantly stronger resistance to heat stress at 35°C compared with wild type, living 38-125% longer (Fig. 4 A, B , and D-G and SI Table 3 ). Such intrinsic thermotolerance was similar to that observed in mutants of the insulin/IGF1 receptor daf-2, which are thermotolerant by 58-100%. The resistance of daf-9 mutant worms was substantially hormone-dependent, whereas daf-2(e1370) resistance was not (Fig. 4 A-C) . Similarly, daf-9(e1406) mutants rescued by a daf-9(ϩ) transgene expressed in the hypodermis or XXX cells (Fig. 4D) were as susceptible to heat stress as wild type. Similar to dauer formation and lifespan, daf-9 thermotolerance was also dependent on daf-12 as well as din-1/SHARP corepressor (Fig. 4 E and F) (21) , which forms a complex with daf-12 to repress transcription in the unliganded state ( Fig. 1 A) (11) . In addition, we found that resistance was partly dependent on daf-16/FOXO, which mediates stress resistance and longevity of insulin/IGF1 signaling (Fig. 4 G and H) .
We then examined resistance to oxidative stress. We exposed animals to millimolar levels of hydrogen peroxide and again found that daf-9 mutants were substantially resistant compared with wild type (Fig. 4 I and J and SI Table 4 ). Moreover, hormone replacement restored normal resistance (Fig. 4I) , as did transgene rescue (SI Fig. 6 A and B) . The resistance of daf-9 mutants was also daf-12-and din-1-dependent (SI Fig. 6 C and D) . These results reveal that hormone-deficient animals are more stressresistant in a manner dependent on daf-12/din-1 corepressor complexes and that hormone-supplemented animals have normal or decreased resistance. Similar to thermotolerance resistance and lifespan, daf-2(e1370) mutants were not affected by ligand for their oxidative stress resistance (Fig. 4J) . daf-9(ϩ) and daf-12(ϩ) are also required for longevity in another context, that of the germ-line longevity pathway (4, 6) . In this pathway, unknown signals originating from the gonad interact with specific genotypes to influence lifespan. In the absence of germ-line stem cells, animals live 50-60% longer than wild type (22) , most likely due to a systemic signal. Longevity is not due to sterility, because animals lacking both somatic gonad and germ line have normal lifespans, suggesting that these tissues produce opposing signals that govern long life. The longevity of germ-lineless animals depends on the hormone biosynthetic genes daf-36/Rieske-like oxygenase and daf-9/CYP450, as well as the transcription factors daf-12/nuclear hormone receptor and daf-16/FOXO: in these mutant backgrounds, germ-line-ablated animals are no longer long-lived (4, 6, 23) , implicating lipophilic hormones as part of a systemic signal. Germ-line longevity is additive with lifespan extension due to reduced daf-2/insulin/ IGF1 receptor, revealing that it works independently of insulin/ IGF1 signal transduction. Moreover, germ-line absence causes DAF-16 translocation to the intestinal nuclei in a manner that is daf-9(ϩ)-dependent (24, 25) . Hence, in contrast to dauer signaling, DAF-12 ligands are predicted to be required to attain maximal lifespan extension in the germ-line longevity pathway (Fig. 1B) .
To test this hypothesis, we examined the influence of hormonal manipulation on germ-line longevity. To induce germline ablation, we used the glp-1 temperature-sensitive allele, e2141, which has normal germ cell development at 15°C but arrests it at 25°C and extends adult lifespan (22) (Table 1 and SI  Table 2 ). To reduce hormonal signals, we used the daf-36/ Rieske-like oxygenase-null mutant k114 or the weak daf-9 mutant rh50. Both mutants are somewhat shorter lived than wild type, presumably because DAF-12 is not fully activated, and both abolish the longevity of animals whose germ lines have been removed by laser microsurgery (6, 23). Consistent with previous results, daf-36 glp-1 (mean ϭ 16 Ϯ 2) and daf-9 glp-1 (mean ϭ 18 Ϯ 3) double mutants have significantly shortened lifespans (P Ͻ 0.00001) compared with glp-1 alone (mean ϭ 23 Ϯ 2) ( Fig.  3 A and B and Table 1 ). Importantly, hormone supplementation of the double mutants restored longevity to that of similarly treated glp-1 mutants (P Ͼ 0.025), suggesting that ⌬ 4 -dafachronic acid is required to extend lifespan in the germ-line longevity pathway (Fig. 3 A and B) . Similar trends were seen whether animals were cultured at 25°C for their whole lives or downshifted to 20°C during the adult phase, although the variability between experiments was larger at 25°C (SI Fig. 7 and Table 2 ). By contrast, glp-1 daf-12-and daf-12-null mutants were unaffected by the addition of hormone (Fig. 3 C and F, Table 1,  and SI Table 2 ), revealing a strict dependence on the nuclear receptor. Hormone replacement of daf-36(k114) and daf-9(rh50) mutants alone partially or fully restored lifespan to that of wild type (Fig. 3 D and E, Table 1 , and SI Table 2 ). Conceivably, partial rescue could result from the effect of accumulated biosynthetic intermediates in mutants blocked in hormone production or from imprecise levels of hormone.
As another measure of activity within the germ-line longevity pathway, we examined the status of DAF-16/FOXO nuclear localization. In glp-1 animals, DAF-16::GFP localizes to intestinal nuclei and correlates with longevity. By contrast, in the glp-1daf-9 background, DAF-16 nuclear localization is reduced, suggesting that DAF-16 nuclear action depends on DAF-12 ligands (24, 25) . We asked whether daf-36 mutants would behave as daf-9 and whether DAF-16 localization was susceptible to ligand. Indeed, we found that DAF-16 nuclear localization was reduced in daf-9 or daf-36 mutants (4.6, 11.6%), but fully restored (87.1, 82%) when animals were given ligand (Fig. 5) . Thus, hormone replacement is required to produce the full extent of DAF-16/FOXO and DAF-12 activity induced by germ-line ablation.
Discussion
The studies reported here provide crucial evidence that bile acid-like steroids can modulate metazoan stress resistance and lifespan. In worms, ⌬ 4 -dafachronic acid may be permissive rather than instructive, because its precise effect depends on signaling context (Fig. 1) . Increased longevity and somatic endurance in the absence of ligand [i.e., daf-9(-) longevity] may reflect the response to environmental adversity, such as limited dietary sterols or food. Conversely, production of bile acid-like ligands Table 1 .
(A) Lifespan of glp-1(e2141) and daf-36(k114) glp-1(e2141). (B) Lifespan of glp-1(e2141) and daf-9(rh50) glp-1(e2141). (C) Lifespan of glp-1(e2141) and daf-12(rh61rh411) glp-1(e2141). (D) Lifespan of wild-type N2 and daf-36(k114). (E) Lifespan of N2 and daf-9(rh50). (F) Lifespan of N2 and daf-12(rh61rh411).
may signal the fed state, promoting reproduction and altered metabolism. Longevity in the absence of the germ line may reveal how physiologic signals emanating from distinct tissues communicate to coordinate events throughout the body. Such coordination evidently relies on the production of dafachronic acid, which regulates DAF-16/FOXO translocation. Conceivably, other lipophilic hormones can also regulate animal longevity. Interestingly, in mammals, serum bile acids regulate triglyceride, cholesterol, energy, and glucose homeostasis, pointing toward important signaling roles (26) . Moreover, in longlived Ames dwarf mice, rate-limiting enzymes for bile acid synthesis are down-regulated (27) . Conceivably, altered bile acid metabolism can impact longevity in this model. Notably, on the basis of known activities of bile acid metabolism (28), the dafachronic acids and related metabolites could be present in mammals. Indeed, the mammalian LXR, as well as its C. elegans homolog DAF-12, are reportedly activated by cholestenoic acid derivatives (12, 29) . Because many of the components of these circuits are evolutionarily conserved, some of the findings here may ultimately yield insights into hormonal regulation of mammalian stress resistance and aging.
Methods
C. elegans Stock and Nematode Culture. Nematodes were cultured at 20°C on NG agar plates with the E. coli strain OP50, unless indicated otherwise. The following strains were used: N2, 
muEx248, daf-36(k114) glp-1(e2141) daf-16(mu86) muEx248, daf-9(rh50) glp-1(e2141) daf-16(mu86) muEx248.
Array dhEx203 was made from dr434 (5), which consists of 3.03 kb of daf-9 promotor and isoform B daf-9 cDNA fused with gfp (14) . For hypodermal-specific expression, 3.18 kb of the wrt-1 promoter was cloned in front of the daf-9 cDNA fused with gfp to generate array dhEx294 (14 4 -dafachronic acid was diluted in 100% ethanol mixed with the OP50 bacteria and pipetted onto 5-day-old plates 1 h before use at a 250 nM concentration. Every 3 days, worms were transferred to fresh plates containing ligand. As control, 100% ethanol was used. For dh6 and e1406 dauer recovery, partial dauer larvae were placed at 20°C. After 4-6 days, recovered larvae (those that had undergone radial expansion, vulval morphogenesis, formed adult alae, and initialized gametogenesis) were taken for further experiments at 15°C. Ten to 15 L4s were set up per nematode growth medium (NGM) agar plate. The number of dead versus live animals was determined every 2 to 3 days. Day 0 corresponds to the L4 stage. Experiments with daf-2 mutants were carried out at 22.5°C. For glp-1 germ-line agings, strains were cultured at 15°C for two generations. Parental generation 0 (P0) adults were allowed to lay eggs over a 4-h period to obtain a semisynchronous population, which were raised at 25°C until the L4 stage. These L4 larvae were put at 20°C or kept at 25°C for the lifespan assay. Unless noted otherwise, each experiment was repeated at least twice. P values were calculated on the pooled data of all of the experiments done in each set by using the log-rank (Mantel-Cox) method with the web-based interface of The Walter & Eliza Hall Institute of Medical Research (http://bioinf.wehi.edu.au/ software/russell/logrank/index.html). P values Ͻ0.005 are considered significant.
Heat Stress and Oxidative Stress Experiments. Worm strains were grown for two or more generations under replete conditions at 20°C. To induce heat stress, 1-or 3-day-old adults were transferred to 35°C, and survival was measured over a 12-to 30-h period. For oxidative stress assays, 1-or 3-day-old adults were transferred to plates containing 4.4-8.4 mM H 2 O 2 (Sigma, St. Louis, MO), which was added onto the bacterial lawn 30 min before transfer of worms. Survival was scored at 1-to 2-h intervals over an 8-to 10-h period at 20°C. Experiments were repeated at least twice. P values were calculated by using the log-rank (Mantel-Cox) method on single experiments comparing strains examined at the same time.
DAF-16::GFP Nuclear Localization Experiments. The strains carrying the muEx248 array were treated as described above for the glp germ-line agings. Semisynchronous eggs were transferred onto plates with ⌬ 4 -dafachronic acid or ethanol at 25°C. After 3 days, at day 1 of adulthood, worms were scored for nuclear localization of the DAF-16::GFP in the intestinal cells under a dissection scope (magnification of ϫ100). Worms with a clearly dotted appearance were scored as localized. Each experiment was performed at least two times. One experiment was performed blind and gave the same results. 
